Convective heat transfer plays an important role in both the fundamental research and the development of high-performance heat exchangers. Inspired by blades of grass vibrating in the wind, we developed a self-agitator for convective heat transfer enhancement. Because of fluidstructure interactions, the agitator, with self-sustained vibration, can generate strong vortices to significantly break the thermal boundary layer and improve fluid mixing for enhanced convective heat transfer. In particular, we establish a methodology to link the vorticity field at a preferred frequency to the optimal improvement in the convective heat transfer. To identify the self-agitator preferred frequency, mode analysis is performed with simulation results using dynamic mode decomposition. Experimental results are also obtained to further validate the proposed approach. These results show that the proposed self-agitator design can improve the convective heat transfer by 120% in a conventional heat exchanger without additional pumping power requirements and can achieve a Nusselt number of up to 30 within the laminar flow region, which is improved by 200% with the same Reynolds number compared to the clean channel. Published by AIP Publishing. https://doi.org/10.1063/1.5046502
As the need for highly efficient convective heat transfer rates for electronic component cooling and power generation continues to grow, bio-inspired vortex generation with fluidstructure interaction (FSI) [1] [2] [3] [4] [5] [6] [7] has been highlighted as a promising method to improve the overall convective heat transfer without additional pumping power requirements. It is based on the notion that ages of biological evolution could provide effective inspiration for the design of useful technologies. Examples of FSI in nature, such as grass vibrating in the wind or a bird flying, show that the FSI process can generate fluid vortices which can be used to improve fluid mixing. Therefore, bio-inspired designs can be developed to improve convective heat transfer based on the enhanced mixing processes. Two categories of FSI exist, and the driving force of structural vibration distinguishes them, an active one with external power and a passive one without external power requirement. Active FSI vortex generators have been employed to enhance heat transfer in various applications. [8] [9] [10] [11] These can be applied to current heat exchangers where their oscillating frequencies directly affect the thermal performance. However, they require an additional power supply system to drive the structural oscillation, limiting the range of practical applications. Passive FSI vortex generators for heat transfer enhancement [12] [13] [14] [15] [16] have also been investigated. However, a method to improve the vortex field has not yet been identified. This article focuses on passive methods where we develop a bio-inspired self-agitator for convective heat transfer enhancement and explore the principles underlying its performance.
Currently, a range of methods exist for achieving convective heat transfer enhancement, such as offset strip fins, T-mixers, Dean flow in curved pipes, and stationary vortex generators. In general, they all create vortices to enhance mixing for convective heat transfer enhancement. For various designs, transverse or longitudinal vortices can be generated for heat transfer enhancement. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Compared to a stationary vortex generator, the FSI process has been shown to achieve better performance. 29 Thermal performance is maximized when large modulations are created at the boundary layer of the heat transfer surface while avoiding the creation of strong vortices in other regions. 30 Although many methods exist to introduce vortices for heat transfer enhancement, what type of vortex shows the best performance is still unclear.
In this work, we first investigate the fundamental relation between vorticity modes and thermal performance. To explore this, dynamic mode decomposition (DMD) [31] [32] [33] is performed with the transient numerical results in the vorticity field. Subsequently, various modes with fixed frequencies can be achieved. Then, the vorticity modes introduced by the structural motions can be distinguished by matching the frequency of the vorticity mode to that of the structural motion. Several other modes (including the dominant one) exist concurrently with frequencies different from that of the structural motion. Another interesting phenomenon is that the first and second fluid modes' frequencies do not change significantly for different self-agitator conditions for a specific geometry for heat transfer. This indicates that the heat exchanger has its "preferred" frequencies for the vorticity field in convective heat transfer enhancement. It is well accepted that vortices near the boundary with different frequencies can break the thermal boundary layer to improve convective heat transfer. However, no direct guidance has been achieved before to reveal how to refine the vorticity field for further improving convective heat transfer. From the analysis part of this work, we find that synchronizing the a) Z. Li, X. Xu, and K. Li contributed equally to this work. Authors to whom correspondence should be addressed: HuangG@ Missouri.edu and ChenCL@Missouri.edu. Tel.: 001-573-882-9037. preferred frequency to the structural motion can improve convective heat transfer. This conclusion is used to guide the experimental structural design, and the experimental results demonstrate that the self-agitator can improve the thermal performance significantly. We choose a commercially available plate fin heat exchanger (6.6 mm gap, 22.0 mm height, and 120.0 mm length) as an example to test the self-agitator performance. The experimental results demonstrate that heat transfer can be enhanced by 120% without additional pumping power requirements compared to the clean channel while achieving a Nusselt number of up to 30 within the laminar flow region by matching with the preferred frequency.
Inspired by biological processes observed in nature, a self-agitator design is proposed where a thin-film material is attached to a heat exchanger with an especially designed shape as shown in Fig. 1 . As airflow is introduced, FSI causes the structure to vibrate, generating vortices that will improve the overall heat transfer rates in the channels of the heat sink. The enhanced heat sink performance with selfagitators is measured in terms of increased rejected heat over a range of flow rates compared to the baseline flow in the absence of the self-agitators.
To guide the prototype design, numerical investigations are performed to study the dynamics of the self-agitator. Verification of the numerical tools for solving fluid structure interactions and heat transfer problems has been reported in our recent papers. 29, 34 First, numerical simulations are performed with the same geometry as the experimental setups: the height and the length of the channel are 6.6 mm and 120 mm, respectively. The initial inclined angle a of the self-agitator is 45 , which is motivated by other groups' results. 38 The Young's Modulus of the self-agitator is 2.5 GPa, and the density (q 0 ) is 1420 kg/m 3 ; these properties are obtained from the commercially available Kapton film. The inlet velocity is 4 m/s, and the temperatures T wall and T in are 308 K and 298 K, respectively. This FSI problem is solved numerically, and the Fourier analysis for the structural motion is shown in Fig. 2(b) . Transient results of vorticity fields are employed to perform the modal analysis with DMD. The two dominant frequencies are found to be 352 Hz and 704 Hz. Figure 2(c) shows one snapshot of the vorticity fields in the region downstream of the surface agitator and the corresponding modes obtained from modal analysis. A vortex street exists through the channel as shown with instantaneous vorticity contours, and it can be decomposed into various modes with DMD, while each mode has an impact in the whole channel. In our previous work, 29 it has been demonstrated that the thermal performance is related to the steady modes (not time dependent) directly. However, no efforts have been made to guide how to refine the steady mode for better thermal performance. In this article, we explore to create resonance between flow and structure modes to improve the thermal performance. Besides the steady mode, the first and second unsteady modes (172 Hz and 271 Hz) play important roles in the vorticity field, and their frequencies are different from the structure ones. These can be the targeted frequencies to resonate with the structure for obtaining heat transfer enhancement. The third and fourth modes (355 Hz and 721 Hz) have frequencies similar to the structural motions. Therefore, they could be introduced by the motion of the structure. Assuming that the dominant flow modes do not change in different FSI processes, we need to decrease the structural resonance frequencies by 24% to reach 271 Hz or by 51% to meet 172 Hz, so that the structure can resonate with the dominant flow modes.
To decrease the structure's resonant frequency, eigenfrequencies of the self-agitator are analyzed for different structure densities as shown in Fig. 3(a) , where the original FIG. 1. Experimental setups: 150 CFM chamber; airflow measurement systems are employed to provide cooling air. The details for the experimental setups can be found in our previous works [34] [35] [36] [37] and the supplementary material.
FIG. 2. Numerical results and modal analysis: (a) 2-D assumption is applied
to simplify the FSI process of the self-agitator; (b) to evaluate the structural oscillation frequency, Fourier analysis is performed on the maximum displacement of the self-agitator; (c) a series of snapshots of the transient vorticity fields are used for DMD analysis. Only the first few low-frequency modes are included here. density, q 0 , for the structure is 1420 kg/m 3 . The eigenfrequency of the original density self-agitator is 300 Hz, which is very close to the condition found in the FSI process. Therefore, the eigenfrequencies for different densities can provide guidance for obtaining the final structure's resonant frequency in the FSI process. As shown in Fig. 3(a) , multiplication factors of 1.7 and 4.0 times the original density can decrease the resonant frequencies by 24% and 51%, respectively, to achieve a structural resonance with dominant flow modes in FSI.
Two FSI cases are solved numerically with 1.7q 0 and 4.0q 0 , while the other parameters are the same as the original density case. Fourier analysis of the structural motions is shown in Fig. 3(b) , where it is shown that a higher density results in a lower resonant frequency. The multiplication factors of 1.7q 0 and 4.0q 0 can decrease the structure frequency by 23% and 49% compared to the original density condition, which fulfills the goals set in the last section. Figure 3(c) shows one snapshot of the vorticity fields in the region downstream of the surface agitator and the corresponding modes from modal analysis for the 1.7q 0 condition. Besides the steady mode, the first and second unsteady modes (181 Hz and 287 Hz) play the dominant roles in the flow fields. The second mode is enhanced because its frequency is close to the resonant frequency of the structure. Therefore, with the refined 1.7q 0 , the specific mode is enhanced as we expected. Figure 3(d) shows one snapshot of the vorticity field in the region downstream of the self-agitator and the corresponding modes from modal analysis for the 4.0q 0 condition. The dominant unsteady modes have frequencies of 183 Hz and 186 Hz. The flow mode at 186 Hz is enhanced significantly as previously expected. Therefore, enhancing the targeted mode by adjusting the structure's density is promising. After adjusting the structure design, the results are shown in Figs. 3(c) and 3(d) . In contrast to the original design in Fig. 2(c) , the enhanced modes [highlighted in Figs.  3(c) and 3(d) ] show better vorticity preservation through the channel, even though the vortices still decay in the streamwise direction. To evaluate the performance of the refined self-agitators, rejected heat rates are compared for the different conditions as shown in Fig. 3(e) . For the original density condition, the averaged rejected heat is 634 W/m 2 with a pressure loss of 198 Pa. For the 1.7q 0 case, the average rejected heat is increased to 687 W/m 2 and the pressure loss is decreased to 175 Pa. With 4.0q 0 , the average rejected heat increases to 698 W/m 2 , while the pressure loss changes to 203 Pa. Compared to the original density condition, heat transfer performance is improved with self-agitators of redefined density. These results agree well with our previous work 29 by comparing the steady modes in different cases in Figs. 2 and 3 . In the highest-performance case, the steady mode of vorticity has the most discrete patterns compared to the steady mode in the other cases, which indicates more effective breaking of the thermal boundary layer. Therefore, matching the structural resonant frequencies with the first few dominant flow modes can improve the thermal performance of the self-agitator. First dominant mode frequencies are preferred for convective heat transfer enhancement. Currently, the frequencies of the first dominant modes for different density conditions are quite close to each other (about 180 Hz). Therefore, one existing heat exchanger with a given geometry has its preferred frequency of the vorticity field. These results can guide the future design of selfagitators.
As we previously discussed, the designed heat sink with a certain channel gap has a preferred frequency from the 2-D study, and it is reasonable to hypothesize that a 3-D case has similar behavior. To validate the performance of the optimized self-agitator with the preferred frequency, we designed a rectangular self-agitator using a 0.025 mm thickness Kapton film. Here, the resonant frequency of the Kapton film based self-agitator is designed to be close to the predicted channel preferred frequency in the simulation (about 180 Hz). To investigate the vibration characteristics of the self-agitator in the channel, we use a high-speed camera to monitor the motion of the self-agitator as shown in Fig. 1 (experimental setup) , which has been built and verified in our lab. [34] [35] [36] [37] As the channel height is 21.8 mm, we placed two rectangular self-agitators as a pair to generate stronger vortices. The vibration characteristics of the designed selfagitators are shown in Fig. 4(a) , while the results show that the self-agitator near the top and near the bottom vibrate with the same frequency but in different phases. Figure 4 (b) (Multimedia view) shows the motion for the rectangular shape self-agitator; the slow motion results indicate that the two self-agitators in one row have the out of phase phenomenon, [39] [40] [41] which can reduce the pressure drop of the self-agitator.
The thermal tests were conducted for clean channel, rectangular shaped self-agitators and a rigid longitudinal vortex generator (LVG), which can be viewed as the state of the art, 17, 19, 23, 27, 28, 30, [42] [43] [44] [45] [46] to evaluate the thermal performance. As shown in Fig. 5 , under the same conditions, the overall Nusselt number for the self-agitators is significantly higher than those with the LVGs and clean channel cases. The Nusselt number (Nu) and the Reynolds number (Re) are widely used to evaluate the performance of convective heat transfer. 29 As shown in Fig. 5(a) , the self-agitator can improve Nu by 200% at the same Re. Figure 5(b) shows that the self-agitator can enhance the heat transfer coefficient by 120% at the same pumping power compared to the clean channel. The above experimental results indicate that the thin-film based self-agitator can obtain better heat transfer performance than the LVG, which also proves that a selfagitator oscillating at the channel's preferred frequency can enhance the heat transfer performance of the heat sink.
This article includes a self-agitator design to improve convective heat transfer and explores the fundamental relationship between heat transfer and the vorticity field, which has never been discussed before. From modal analysis of the transient vorticity fields, the dominant modes and modes introduced by the self-agitator motions can be distinguished. Matching the frequency of structural motion to that of the dominant mode can create resonance to enhance the fluid mixing. These findings show that the FSI process of the self-agitator can improve the convective heat transfer significantly and that further enhancement can be achieved by approaching the preferred frequency of the vorticity field. The self-agitators were fabricated and experimentally tested for convective heat transfer enhancement. Self-agitator oscillation at the preferred frequency is achieved, and experimental results demonstrate that the heat transfer can be enhanced by 120% without additional pumping power requirements while the Nusselt number can be improved by 200% with the same Reynolds number compared to the clean channel.
See supplementary material for the detailed information of the experimental measurement system in the thermal performance test and the numerical method in this paper. 
